Background: We examined alternative mechanisms by which fumarate levels contribute to hypoxia inducible factor (HIF)-1␣ accumulation and fumarate hydratase (FH)-deficient renal carcinogenesis. Results: Fumarate promotes HIF-1␣ transcription through Tank binding kinase 1 (TBK1)-dependent noncannonical activation of NF-B signaling. Conclusion: Fumarate-mediated, TBK-dependent accumulation of HIF-1␣ mediates cell invasion in FH-deficient RCC. Significance: TBK is a novel putative therapeutic target for the treatment of aggressive fumarate-driven tumors. . 3 The abbreviations used are: FH, fumarate hydratase; HLRCC, hereditary leiomyomatosis and renal cell cancer; RCC, renal cell carcinoma; 2-OG, 2-oxglutarate; HIF, hypoxia inducible factor; VHL, von Hippel-Lindau; DEF, diethyl fumarate; DMF, dimethyl fumarate; MEF, mouse embryonic fibroblasts; DKO, double knock-out; TBK1, Tank binding kinase 1; CREB, cAMPresponse element-binding protein.
Inactivating mutations of the gene encoding the tricarboxylic acid cycle enzyme fumarate hydratase (FH) have been linked to an aggressive variant of hereditary kidney cancer (hereditary leiomyomatosis and renal cell cancer)
. These tumors accumulate markedly elevated levels of fumarate. Fumarate is among a growing list of oncometabolites identified in cancers with mutations of genes involved in intermediary metabolism. FH-deficient tumors are notable for their pronounced accumulation of the transcription factor hypoxia inducible factor-1␣ (HIF-1␣) and aggressive behavior. To date, HIF-1␣ accumulation in hereditary leiomyomatosis and renal cell cancer tumors is thought to result from fumarate-dependent inhibition of prolyl hydroxylases and subsequent evasion from von Hippel-Lindaudependent degradation. Here, we demonstrate a novel mechanism by which fumarate promotes HIF-1␣ mRNA and protein accumulation independent of the von Hippel-Lindau pathway. Here we demonstrate that fumarate promotes p65 phosphorylation and p65 accumulation at the HIF-1␣ promoter through non-canonical signaling via the upstream Tank binding kinase 1 (TBK1). Consistent with these data, inhibition of the TBK1/p65 axis blocks HIF-1␣ accumulation in cellular models of FH loss and markedly reduces cell invasion of FH-deficient RCC cancer cells. Collectively, our data demonstrate a novel mechanism by which pseudohypoxia is promoted in FH-deficient tumors and identifies TBK1 as a novel putative therapeutic target for the treatment of aggressive fumarate-driven tumors.
Alterations in cellular metabolism are now considered a key phenotype of cancer. One of the most notable examples of the connection between metabolism and cancer is through the identification of oncometabolites. Oncometabolites represent small molecules, which can accumulate secondary to enzymatic alterations in cancer with putative transforming properties. To date, the most common oncometabolites include fumarate, succinate, and 2-hydroxyglutarate, which have been linked with mutations of genes encoding fumarate hydratase (FH), 3 succinate dehydrogenase (SDH), and isocitrate dehydrogenase (IDH1/2), respectively (1, 2) . Fumarate accumulation has been identified principally in the context of a hereditary cancer syndrome referred to as hereditary leiomyomatosis and renal cell cancer (HLRCC). Patients with HLRCC harbor germline mutations of the FH gene and are at risk for the development of aggressive renal cell carcinoma (RCC) (3, 4) . FH is an enzyme of the tricarboxylic acid (TCA) cycle that converts fumarate to malate. As such, inactivating mutations of FH result in elevated cellular levels of fumarate (1) . Fumarate shares structural similarity with another TCA cycle intermediate ␣-ketoglutarate, also referred to as 2-oxglutarate (2-OG). 2-OG is a required cofactor for a family of enzymes called 2-OG-dependent dioxygenases (5) . Among the enzymes that belong to this enzyme family are the prolyl hydroxylases. The most well established substrates of the prolyl hydroxylases are the ␣ subunits of hypoxia-inducible factor (HIF) (6 -8) . HIF is comprised of ␣ subunits (either HIF-1␣ or HIF-2␣), which are labile under normoxic conditions and a constitutively expressed ␤ subunit (HIF-1␤; also referred to as ARNT). Proline hydroxylation of HIF-␣ by prolyl hydroxylases facilitates recognition by the E3 ubiquitin ligase pVHL (9 -13) . Ubiquitination by the von Hippel-Lindau (VHL) complex targets HIF-␣ for proteosomal mediated degradation (11) . Disruptions of this response lead to aberrant expression of HIF-␣. Current models for HLRCC indicate elevated fumarate and reactive oxygen species lead to stabilization of HIF-1␣ through inhibition of prolyl hydroxylation therefore preventing VHL-mediated degradation (14, 15) . A notable observation in FH-deficient tissues and cell lines is the increased expression of HIF-1␣ (14, 16) . Although prevention of degradation is a mechanism by which HIF can accumulate, HIF-1␣ is also subject to regulation at the level of synthesis, including transcriptional regulation (17). Given the robust expression of HIF-1␣ in HLRCC renal tumors, we set out to examine the contribution of fumarate in the transcriptional regulation of HIF-1␣.
EXPERIMENTAL PROCEDURES
Chemicals-Diethyl fumarate (DEF) and dimethyl fumarate (DMF), dimethyl sulfoxide and all other chemicals were purchased from Sigma. BX-795 (TBK1 inhibitor) was purchased from Axon Medchem.
Cells-HK-2 and HEK-293 cells were obtained from the American Type Culture Collection. RCC4 cells were kindly provided by P. Ratcliffe (Oxford). Paired mouse embryonic fibroblast (MEF) lines (WT, FH Ϫ/Ϫ , FH Ϫ/Ϫ , and FH) were kindly provided by P. Pollard (Oxford) and have previously been described (18) . IKK␣/␤ null MEFs (double knock-out; DKO) were kindly provided by Inder Verma (Salk Institute). UOK262 cells were acquired from WM Linehan (National Institutes of Health, NCI) and have previously been reported (15) . UOK262 cells were stably transfected utilizing retrovirus with a control vector (pBabePuro) or a vector containing wildtype FH with a C-terminal FLAG tag. Puromycin-resistant clones were selected and screened for transgene expression via immunoblotting. All cell lines except UOK262, MEFS, and HK-2 were cultured in low glucose (1 g/liter) Dulbecco's modified Eagle's medium (DMEM) supplemented with penicillin (100 units/ml), streptomycin (100 mg/ml), 10% heat-inactivated fetal bovine serum, and HEPES (10 mM). HK-2 cells were purchased from ATCC and cultured in DMEM/Ham's F-12 media with L-glutamine supplemented with penicillin (100 units/ml), streptomycin (100 mg/ml), 10% heat-inactivated fetal bovine serum, and HEPES (10 m). MEFs were cultured in DMEM containing 4.5 g/liter of glucose supplemented with 10% (v/v) fetal bovine serum (Sigma), 2 mM glutamine (Sigma) and maintained in a humidified atmosphere of 5% CO 2 and 21% O 2 . UOK262 cells were grown similar to MEFs along with addition of 100 M sodium pyruvate.
Fumarate Treatment-All cell lines were treated with cell permeable esterified derivatives of fumarate, DEF, and DMF at various concentrations (0 to 150 M) in serum-free media.
Immunoblotting-Nuclear extracts were prepared utilizing differential salt lysis buffers as previously described (14) . All other immunoblot analyses were performed on whole-cell lysates prepared with the use of radioimmunoprecipitation assay buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) supplemented with protease inhibitor mixture (Roche Applied Science). Protein (either nuclear or whole cell) was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Membranes were blocked with 5% nonfat milk in TBST (10 mM Tris-HCl, 100 mM NaCl, 0.1% Tween 20) . Membranes were then incubated with antibodies from the following sources: HIF-1␣ (BD Biosciences (mouse monoclonal) or Cayman (rabbit polyclonal)), total p65, p65 Ser 536 , IKK␣, IKK␤, total TBK1, TBK1 Ser 172 , total IB, Tubulin, GAPDH, CREB, LaminB, and Actin (Cell Signaling), FH (Genetex), and FLAG (Sigma). Membranes were washed with TBST followed by incubation with the indicated secondary antibody (horseradish peroxidase conjugated). Proteins were visualized with enhanced chemiluminescence.
RNA Interference-For FH, p65, and TBK1 knockdown, cells were transfected with pooled siRNA reagent (Dharmacon) with the Amaxa Nucleofector system according to the manufacturer's protocol. Cells were harvested at 48 -72 h following transfection. A non-targeting scramble siRNA pool was used as a negative control (Dharmacon).
Chromatin Immunoprecipitation-Chromatin immunoprecipitation (ChIP) assay kit (Millipore) was utilized to examine the binding of p65 (RelA) to the HIF-1␣ promoter. RCC4 cells and UOK262 FH overexpression along with control cells were fixed with 1% formaldehyde on ice to cross-link the proteins bound to the chromatin DNA. After washing, the tissue was homogenized and the chromatin DNA was sheared by sonication to produce DNA fragments of around 500 -1,000 base pairs. The same amounts of sheared DNA were used for immunoprecipitation with antibody against p65 antibody (Cell Signaling Technologies) or an equal amount of preimmune rabbit IgG (Millipore). The immunoprecipitate then was incubated with protein A-agarose/salmon sperm DNA (Millipore), and the antibody-protein-DNA-agarose complex was collected for subsequent reverse cross-linking. The same amount of sheared DNA without antibody precipitation was processed for reverse cross-linking and served as input control. DNA recovered from reverse cross-linking was used for PCR. PCR was performed with primers for the HIF-1␣ promoter (forward, 5Ј-GAACA-GAGAGCCCAGCAGAG-3Ј and reverse, 5Ј-TGTGCACT-GAGGAGCTGAGG-3Ј) flanking the NF-B binding site (Ϫ197/188 base pairs) at 55°C for 35 cycles (19) .
Isolation of RNA and Real-time RT-PCR-Total RNA was isolated from appropriate treatment conditions according to each experiment using the RNAeasy kit (Qiagen). The RNA concentration was measured using UV spectroscopy (Nanodrop 2000). cDNA was synthesized using 1 g of total RNA (High capacity cDNA reverse transcription kit, ABI). Expression of the HIF-1␣ gene was determined (TaqMan probe Hs00936368_m1 HIF1A) using RT-PCR analysis, quantitated by ⌬-⌬ C t analysis, and normalized to 18 S (Hs99999901_s1 18 S) RNA. Differences in gene expression between the various treatment conditions were expressed relative to their appropriate control cells.
RESULTS
Fumarate Induces HIF-1␣ mRNA Levels-We initially compared HIF-1␣ mRNA expression in normal immortalized renal epithelial HK2 cells and FHs-deficient UOK262 renal cancer cells. We find UOK262 cells expressed higher mRNA levels of HIF-1␣ as examined by real-time RT-PCR, and protein levels as examined by Western blot analysis compared with HK2 cells (Fig. 1A , top and bottom panels, respectively). To determine whether loss of FH contributes to enhanced HIF-1␣ mRNA expression, we re-introduced wild-type (WT) FH, which harbors a FLAG tag (FH-FLAG), back to FH-deficient cells. Re-introduction of FH-FLAG into UOK262 reduced HIF-1␣ mRNA expression, and HIF-1␣ protein levels compared with UOK262 control vector-transfected cells (Fig. 1B , top and bottom panel). FH-FLAG expression was confirmed by Western blot analysis using FLAG antibody (Fig. 1B, bottom panel) .
As reintroduction of WT FH reduces fumarate levels in UOK262 cells (16) , we considered whether elevated fumarate levels promote HIF-1␣ transcription. Fumarate has previously been shown to block HIF-␣ degradation via inhibition of prolyl hydroxylase hydroxylation/VHL-dependent degradation (14) . Therefore to determine the specific effects of fumarate on HIF-1␣ synthesis, we used cultured cells, which do not express VHL as a model system. Endogenous levels of intracellular fumarate have been reported at Ϸ700 mM in FH-deficient UOK262 cells (20) . We initially utilized two esterified forms of fumarate, DEF and DMF, to permit cell entry at concentrations of 0 -150 and 0 -200 M, respectively, as previously reported for exogenous treatment (21, 22) . We find that VHL-deficient RCC4 cells exposed to DEF or DMF resulted in a dose-dependent increase in both HIF-1␣ mRNA and protein levels (Fig. 2, A and B, upper and lower panels, respectively). Similar effects of DEF and DMF on HIF-1␣ mRNA and protein levels were observed in VHL-deficient RCC10 cells (data not shown). Next, we utilized a genetic approach to examine the effects of FH loss on HIF-1␣ mRNA. siRNA-mediated knockdown of FH in RCC4 cells resulted in an increase in both HIF-1␣ mRNA and protein levels (Fig. 2, C and D, respectively). Collectively, these data indicate that fumarate enhances mRNA expression of HIF-1␣.
Fumarate Induces HIF-1␣ mRNA Expression through an NF-B-dependent Mechanism-Multiple studies have established the NF-B transcription factor complex as a promoter of HIF-1␣ transcription (17, 23). The NF-B complex consists of RelA (p65), p50, and IB. Upon stimulation, IB is phosphorylated and degraded by the 26 S proteosome (24) . p65 is activated via phosphorylation on Ser 536 and translocates to the nucleus to up-regulate target genes (24 -27) . We examined p65 phosphorylation at Ser 536 , a marker of NF-B activation, following treatment with esterified fumarate. Both DEF and DMF promote p65 Ser 536 phosphorylation in RCC4 cells, which was concomitant with a decrease in IB levels (Fig. 3A , left and right panels). Similar findings of p65 activation were obtained in RCC10 cells exposed to DEF and DMF (data not shown).
We next examined the effects of FH knockdown on p65 phosphorylation. siRNA-mediated knockdown of FH in RCC4 cells resulted in increased p65 Ser 536 phosphorylation (Fig. 3B ). Based on these results, we examined whether inhibition of p65 could interfere with the effect of fumarate on HIF-1␣ levels. RCC4 cells were transfected with scrambled control or specific siRNA for p65 and subsequently treated with DEF. Knockdown of p65, but not scrambled control, inhibited DEF-induced HIF-1␣ accumulation (Fig. 3C ). Successful knockdown of p65 was confirmed by Western blot analysis (Fig. 3C) . To further define the relationship between fumarate-dependent, p65-mediated HIF-1␣ mRNA accumulation, we assessed p65 binding at the HIF-1␣ promoter via ChIP utilizing primers directed to a previously reported NF-B binding element within the HIF-1␣ promoter (19) . Treatment of RCC4 cells with DEF resulted in a marked increase in p65 binding to the HIF-1␣ promoter relative to control treated cells ( Fig. 3D, upper panel) . Quantitation is presented (Fig. 3D, lower panel) .
Fumarate Promotes p65 Phosphorylation in an IKK-independent, TBK1-dependent Manner-To further characterize the mechanism by which fumarate enhances mRNA expression of HIF-1␣, we utilized FH Ϫ/Ϫ MEFs. We find that phosphorylation of p65 at Ser 536 is enhanced in FH Ϫ/Ϫ MEFs compared with wild-type MEFs, whereas total levels of p65 did not change (Fig. 4A) . Importantly, re-introducing wild-type FH cDNA into FH Ϫ/Ϫ MEFs (FH Ϫ/Ϫ ϩ FH) reduced endogenous phosphorylation of p65 Ser 536 and HIF-1␣ expression ( Fig. 4A) . Similarly, treatment of WT MEFs with increasing concentrations of DMF stimulated p65 Ser 536 phosphorylation similar to the endogenous levels found in FH null (Ϫ/Ϫ) MEFs (Fig. 4B ). The effects observed in our models of high fumarate states on p65 phosphorylation prompted us to examine known kinases that phosphorylate p65 at Ser 536 . The most well characterized upstream kinases of p65 at Ser 536 include IKK␣ and IKK␤. These upstream p65 kinases constitute part of the canonical NF-B signaling pathway. We therefore wanted to determine whether the effect of fumarate on p65 phosphorylation was IKK dependent. As fumarate promotes p65 phosphorylation in cells of murine origin, we tested the effect of fumarate on p65 in IKK ␣/␤ DKO MEFs. Unexpectedly, we find that p65 was readily phosphorylated at Ser 536 and IB levels were reduced in DKO cells treated with DEF, whereas not affecting total p65 levels ( Fig. 4C ). Together, this suggests fumarate activates p65 independent of IKK␣ and IKK␤ and suggests fumarate mediates HIF-1␣ mRNA expression through a non-canonical NF-B signaling pathway.
We therefore considered alternate kinases that have previously been reported to phosphorylate p65 at Ser 536 . Tank binding kinase 1 (TBK1) is among the known upstream kinases of p65 Ser 536 (28) . TBK1 is a member of the IKK-related kinases and is a known upstream mediator of non-canonical NF-B activation (29) . TBK1 contains an autophosphorylation site at Ser 172 , which is indicative of TBK1 kinase activation (30) . To determine the effects of fumarate on TBK1 activation, we treated DKO IKK␣/␤ MEFs with increasing concentrations of DEF. Importantly, we find TBK1 is readily phosphorylated at Ser 172 in IKK ␣/␤ null cells exposed to DEF (Fig. 5A) . In a similar manner, DEF and DMF resulted in dose-dependent TBK1 activation in RCC4 and RCC10 cells (Fig. 5B, upper and lower panels, respectively, and data not shown). Next we transiently silenced FH using siRNA in RCC4 cells and found that knockdown of FH, but not scrambled control, lead to enhanced phosphorylation of TBK1 while not changing the overall TBK1 levels (Fig. 5C ). In support of these findings, we find that FH-deficient MEFs have enhanced basal phosphorylation of TBK1 compared with WT MEFs (Fig. 5D ). Re-introduction of FH to FH-null MEFs resulted in a decrease of TBK1 phosphorylation ( Fig. 5D ). Together, these data suggest fumarate plays a novel role in the activation of TBK1.
To define the putative FH/TBK1/p65 signaling axis, we silenced FH in DKO IKK␣/␤ MEFs. siRNA-mediated knock-down of FH in IKK DKO MEFs resulted in enhanced phosphorylation of p65 Ser 536 compared with scrambled control. However, concurrent knockdown of TBK1 blocked siFH-mediated p65 phosphorylation (Fig. 6A ). In support of these findings, pretreatment of HK2 cells with the TBK1 pharmacological inhibitor, BX795, blocked DEF-induced p65 Ser 536 phosphorylation and HIF-1␣ expression ( Fig. 6B) .
Fumarate Mediates p65-dependent HIF-1␣ Accumulation in a TBK1-dependent Manner in FH-deficient Cells-We next examined the status of TBK1 activation in FH-deficient UOK262 cells. We find that basal phosphorylation of TBK1 on its activation site (Ser 172 ) is enhanced in FH-deficient RCC cells compared with the normal immortalized renal cell line, HK2 (Fig. 7A ). Reintroduction of FH resulted in reduced TBK1 phosphorylation compared with vector control (Fig. 7A) . No changes in total TBK1 were observed. Similarly, p65 phosphorylation at Ser 536 was markedly reduced in UOK262 cells reconstituted with FH compared with vector control as examined by Western blot analysis (Fig. 7B ). Next we examined specific p65 binding at the HIF-1␣ promoter using ChIP analysis in the aforementioned cells. Fig. 7C shows p65 bound to the HIF-1␣ promoter in UOK262 cells transfected with empty vector when immunoprecipitated with p65 antibodies (EV, lane 4) , but not IgG alone (EV, lane 3) . In contrast, p65 binding to the HIF-1␣ promoter was not identified in UOK262 cells stably transfected with FH (FH, lane 5). Input DNA was used as positive control (lanes 1 and 2) .
To determine the effects of TBK1 on p65 phosphorylation in FH-deficient UOK262 cells, we silenced TBK1 using siRNA. Scrambled RNA was used as a control. Silencing of TBK1, but not scrambled control, reduced phosphorylation of p65 Ser 536 concomitant with reduced levels of HIF-1␣ expression in nuclear fractions (Fig. 7D ). CREB was used as a loading control. Successful knockdown of TBK1 in the cytosolic fraction was confirmed by Western blot analysis where tubulin was used as a FIGURE 3. Fumarate-induces HIF-1␣ mRNA expression through an NF-B-dependent mechanism. A, RCC4 cells were treated with increasing concentrations of DEF and DMF (left and right panels, respectively) in serum-free media for 8 h. Cell lysates were prepared and phospho-p65 Ser 536 (p-p65 S 536 ), total p65, and IB expression were analyzed by Western blot. Actin was used as loading control. B, RCC4 cells were transiently transfected with siRNA oligos for fumarate hydratase (siFH) or scrambled control (scr). Total protein was analyzed for phospho-p65 Ser 536 , total p65, and FH. Actin was used as loading control. C, p65 was transiently down-regulated in RCC4 cells using small inhibitory RNA (siRNA). Scrambled oligos were transfected as a negative control. Cell lysates were prepared and expression of HIF-1␣, phospho-p65 Ser 536, and total p65 were assessed. GAPDH was used as loading control. D, HIF-1␣ DNA associated with p65 was assessed in nuclear extracts of RCC4 cells treated with 100 M DEF for 8 h using ChIP as described under "Experimental Procedures." Input DNA from RCC4 cells treated or not with DEF was used as a positive control for HIF-1␣ PCR. Immunoprecipitation using nonspecific IgG was used as a negative control in RCC4 cells treated or not with DEF. HIF-1␣ is detected at 518 bp. Nonspecific (NS) bands and primer dimer bands (PD) are indicated by arrows. The data were quantitated from two independent experiments and the results are expressed as mean Ϯ S.E. **, p Ͻ 0.01 (lower panel). loading control for whole cell lysate (Fig. 7D, lower panel) . Importantly, we find that transient knockdown of TBK1 using small inhibitory RNA (siRNA) in UOK262 cells reduced HIF-1␣ mRNA expression ( Fig. 7E ). Together, our data demonstrate that fumarate mediates HIF-1␣ mRNA expression through a novel TBK1-dependent, p65-mediated signaling pathway.
FH-deficient renal carcinoma cells are highly invasive. HIF-1␣ contributes to cell invasion in FH-deficient cells (16) .
To determine whether TBK1 plays a role in cell invasion in FH-deficient RCC, we transfected UOK262 cells with scrambled control or siRNA for TBK1 (siTBK1). Invasion was examined using a Matrigel Boyden chamber assay. Fig. 8A shows FH-deficient UOK262 silenced of TBK1 significantly reduces cell invasion compared with scrambled transfected control cells (Fig. 8A ). TBK1 knockdown was verified by Western blot analysis (Fig. 8B ).
DISCUSSION
In this report, we present the first evidence that the oncometabolite fumarate promotes mRNA expression of HIF-1␣ through a non-canonical NF-B-dependent pathway. In particular, we have identified a novel mechanism whereby fumarate promotes p65 activation through the upstream activator TBK1. In accord with these data, inhibition of the TBK1/p65 axis blocks HIF-1␣ accumulation and cell invasion in cellular models of FH loss (Fig. 9 ).
Our studies are the first to identify a role for fumarate in the promotion of HIF-1␣ synthesis through effects at the transcriptional level. The initial link between FH and HIF was reported by Isaacs et al. (14) who demonstrated that fumarate acts as a competitive inhibitor of prolyl hydroxylases (due to structural similarity with the cofactor 2-OG), which normally targets HIF ␣ subunits for VHL complex-mediated proteosomal degradation. Isaacs et al. (14) reported exogenous administration of monoethyl fumarate in combination with a pharmacologic inhibitor of FH did not increase HIF-1␣ mRNA in cultured lung carcinoma A549 cells. However, we find that fumarate promotes HIF-1␣ transcription in multiple VHL-deficient RCC cell lines. Moreover, we find HIF-1␣ mRNA is enhanced in FH-deficient cells, which is reduced when FH is reintroduced. These data may indicate cell type-specific responses to fumarate treatment. Additionally, potential differences in experimental design including the type of fumarate ester may account for the differing results. Notably, Koivunen et al. (21) found that DMF and DEF were far more potent (ϳ2 orders of magnitude) at increasing HIF-1␣ protein levels in cells than the monoethyl ester although HIF-1␣ mRNA levels were not examined. More recent studies have demonstrated a role for reactive oxygen species signaling in the accumulation of HIF-1␣ through protein stabilization (15, 31) . The collective data support that transcriptional as well as post-transcriptional mechanisms are relevant and contributory to FH null pseudohypoxia given that targeting either mechanism can successfully reduce HIF-1␣ accumulation.
Another novel aspect of the current study is the link between non-canonical NF-B signaling and HIF-1␣. It is well established that IKK ␣/␤ kinases mediate NF-B activation through phosphorylation of p65 at Ser 536 (known as NF-B canonical signaling) and can promote the transcription of HIF-1␣ (17, 19) . Canonical NF-B signaling has primarily been examined in the context of cytokine-induced activation. However, it is now well established that NF-B can be activated via non-canonical means. Non-canonical signaling has also been shown to promote the transcription of HIF-1␣. Kumar and Mehta (32) recently demonstrated that the protein tissue transglutaminase TG2 promotes transcription of HIF-1␣ A, FH or fumarate hydratase ϩ Tank-binding kinase-1 (FH ϩ TBK) were transiently silenced (siFH and siTBK/siFH, respectively) in DKO (IKK␣ and IKK␤) MEFs. Scrambled oligos were transfected as a negative control. After 48 h, cell lysates were prepared and analyzed for phospho-p65 Ser 536 (p-p65 S 536 ), total p65, total TBK and FH. Tubulin was used as loading control. B, HK2 cells were treated with DEF simultaneously with the Tankbinding kinase inhibitor BX795 at the indicated concentrations for 8 h. Total protein was used to assess HIF-1␣, phospho-p65 Ser 536 expression. Tubulin was used as loading control.
through interaction with p65. Similar to these data, we have found that fumarate promotes HIF-1␣ transcription in an IKK-independent fashion.
Prior studies have demonstrated a role for HIF-1␣ in cell invasion of FH-deficient RCC (16) . Our studies demonstrate a novel role for TBK1 in RCC cell invasion in FH-deficient RCC cells. To our knowledge, this is the first study demonstrating a role for TBK1 in cancer cell invasion. It is noteworthy that TBK1 is overexpressed in several malignancies including breast, colon, and lung cancers (33) (34) (35) . In summary, our studies uncover a novel signaling node activated in high fumarate states, which has the potential to lead to rationale therapeutic approaches with emphasis on cell invasion. FIGURE 7 . Activated p65/TBK axis in FH-deficient tumor cells promotes HIF-1␣ expression. A, phospho-TBK Ser 172 and total TBK expression was analyzed in cell extracts prepared from HK2, FH-deficient UOK 262 stably expressing vector control, or FH-FLAG. B, phospho-p65 Ser 536 (p-p65 S 536 ) and total p65 expression was assessed in FH-deficient UOK 262 stably expressing vector control or FH-FLAG. Tubulin was used as loading control. C, HIF-1␣ DNA associated with p65 was assessed in nuclear extracts of FH-deficient UOK 262 cells stably expressing vector control or FH using ChIP as outlined under "Experimental Procedures." Input DNA was used as a positive control for HIF-1␣ PCR. Immunoprecipitation using nonspecific IgG was used as a negative control. HIF-1␣ is detected at 518 bp. The data were quantitated from two independent experiments and the results are expressed as mean Ϯ S.E. *, p Ͻ 0.05 (lower panel). D, UOK 262 cells were transiently transfected with siTBK or scramble control. After 48 h nuclear and cytoplasmic extracts were prepared. HIF-1␣, phospho-p65 Ser 536 (p-p65 S 536 ), and total p65 expression were analyzed in the nuclear fraction by Western blot analysis. CREB was used as loading control. Total TBK expression was assessed in the cytosolic lysate. Tubulin was used as loading control. E, UOK 262 cells was transiently transfected with siTBK or scramble control. HIF-1␣ mRNA expression was analyzed as described in the legend to Fig. 1 . The data were quantitated and the results are expressed mean Ϯ S.E., **, p Ͻ 0.01. 
